A cluster of five genes, proposed to be involved in the formation of extracellular polysaccharide (EPS) precursors via the Leloir pathway, have been identified in the acidophilic autotroph Acidithiobacillus ferrooxidans. The order of the genes is luxA-galE-galK-pgm-galM, encoding a LuxA-like protein, UDP-glucose 4-epimerase, galactokinase, phosphoglucomutase, and galactose mutarotase, respectively. The gal cluster forms a single transcriptional unit and is therefore an operon. Two other putative genes of the Leloir pathway, galU, potentially encoding UDP-glucose pyrophosphorylase, and a gene designated galT-like, which may encode a galactose-1-phosphate uridylyltransferase-like activity, were found unlinked in the genome. Using semiquantitative reverse transcription-PCR, the genes of the gal operon were shown to be expressed more during growth in iron medium than in growth in sulfur medium. The functions of galE, pgm, galU, and the galT-like gene were validated by complementation of Escherichia coli mutants and by in vitro enzyme assays. The data suggest that A. ferrooxidans is capable of synthesizing the EPS precursors UDP-glucose and UDP-galactose. In addition, genes rfbA, -B, -C, and -D were identified in the genome of A. ferrooxidans, suggesting that it can also synthesize the EPS precursor dTDP-rhamnose. Since EPSs constitute the major bulk of biofilms, this study may provide an initial model for the metabolic pathways involved in biofilm formation in A. ferrooxidans and aid in understanding the role of biofilms in mineral leaching and the formation of acid mine drainage.
. Glucose-1-phosphate is also converted to dTDP-rhamnose by the enzymes RfbaA, -B, -C, and -D (14, 17) . In addition, glucose-1-phosphate serves as a hub for channeling sugars to the formation of glycogen and connects these pathways with glycolysis, gluconeogenesis, and (ultimately) CO 2 fixation.
Since nothing was known about the early steps in EPS biosynthesis in A. ferrooxidans and how these might be connected to general sugar management, we undertook bioinformatic and functional analyses of potential genes involved in both the formation of glucose-1-phosphate and its metabolic connections to the biosynthesis of the EPS precursors UDP-glucose, UDP-galactose, and dTDP-rhamnose.
This study addresses the genetic and biochemical underpinnings of the formation of EPS precursors in A. ferrooxidans. Since EPS typically constitutes the major mass of biofilms, it is hoped that this study will lay the foundation for understanding the formation of biofilms by this organism in both natural habitats and industrial metal recovery operations.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. A. ferrooxidans ATCC 23270 was grown at 30°C, pH 3.5, in minimal-salt medium 9K (iron free) supplemented with elemental sulfur (11, 29) . Escherichia coli strains and plasmids used are listed in Table 1 . They were grown in Luria broth (LB) or plated on LB solidified with 12 g of agar per liter. Selection for E. coli cells, transformed with the appropriate plasmids, was performed by using LB plates with of 100 g of ampicillin per ml. MacConkey-Gal plates, containing MacConkey agar base (Difco Laboratories) and 5 g/liter of galactose, and MM-gal, a minimal medium (19) supplemented with 5 g/liter galactose, were used to determine the ability of galactose utilization by these strains. Red colonies in MacConkey-Gal plates and grown in MM-gal were scored as galactose positive (22) .
DNA isolation and sequencing, plasmid constructions, and other manipula-tions. Chromosomal DNA was isolated from A. ferrooxidans ATCC 23270 as described previously (34) . Other DNA manipulations, plasmid preparations, electroporations, and DNA sequencing were performed according to standard procedures as described by Sambrook et al. (26) . The expression vector pKK233-3 was digested with EcoRI and subsequently repaired with the Klenow fragment of DNA polymerase I to generate blunt ends, which were dephosphorylated with calf intestinal alkaline phosphatase (New England Bio Labs) prior to being cloned. PCR fragments that correspond to galE, galU, pgm, and luxA genes were amplified with DNA primers whose sequences appear in Table 2 . Each PCR fragment and the pKK233-3 vector were ligated using T4 DNA ligase. The constructed plasmids were named pgalE, pgalU, ppgm, and pgalT (Table 1) . Restriction enzyme digestion EcoRI (Invitrogen), Klenow (large) fragment of DNA polymerase I (Invitrogen), T4 DNA ligase (Promega), and calf intestinal alkaline phosphatase were used under conditions recommended by the suppliers.
Isolation of a galT-like complementing gene. DNA of A. ferrooxidans was partially digested with Sau3A (Gibco BRL) according to the manufacturer's directions, yielding fragments with an average size of approximately 1 to 3 Kb. These fragments were cloned into pUC18, and the resulting library was used to transform E. coli strain S491 (Table 1) . After overnight incubation at 37°C on MacConkey-Gal plates, red colonies were picked and grown in MM-gal with 100 g of ampicillin/ml (21) . A colony, galT-1, was selected and DNA was prepared for DNA sequencing.
Isolation of RNA and RT-PCR. Total RNA was isolated from cells of A. ferrooxidans grown in 9K medium supplemented with S or FeSO 4 to mid-log phase by the method of Hagen and Young (12) as modified by Guacucano et al. (10) . Reverse transcription-PCR (RT-PCR), with various control reactions, was carried out as previously described (10) . The sequences of the RT and PCR primers used are provided in Table 2 .
Preparation of cell extracts. Fifty milliliters of a fresh LB culture of E. coli grown for 12 h (late log phase) were harvested by centrifugation (6,000 rpm for 20 min; 4°C), and the cell pellet was suspended and washed twice with 0.05 M potassium phosphate, pH 7. Cells were suspended in 20 ml of 0.05 M potassium phosphate, pH 7, and disrupted by sonication (sonic power, 375 W; output control, 10) at 4°C for a total of 6 min (12 30-s sonication pulses and 30 s of rest in an ice bath with a Bronson 450 sonifier) (7) . Cell debris was removed by centrifugation (6,000 rpm for 20 min; 4°C). The protein concentration in the supernatant was determined using the Bio-Rad protein assay based on the method of Bradford (3) Enzyme assays. All enzyme assays were performed at 30°C in a total volume of 1 ml with freshly prepared cell extracts. The formation of NADPH (␣-phosphoglucomutase activity and galactose 1-phosphato-uridiltransferase activity) or NADH (UDP-galactose 4-epimerase activity and UDP-glucose pyrophosphorylase activity), products of the coupled reaction, were determined by measuring the increase in absorbance at 340 nm at different times (7) . The blank consisted of the reaction mixture without cell extract.
␣-Phosphoglucomutase (EC 2.7.5.1) activity was measured in a reaction mixture consisting of 179 mM glycylglycine (pH 7.4), 0.67 mM ␤-NADP, 0.02 mM glucose 1,6-diphosphate, 30 mM MgCl 2 , 43 mM L-cysteine, 1 U glucose 6-phosphate dehydrogenase, and 300 l of cell extract. The reaction was initiated by the addition of 5.0 mM ␣-glucose 1-phosphate (7) .
UDP-galactose 4-epimerase (EC 5.1.3.2) activity was measured in a reaction mixture consisting of 400 mM glycylglycine-NaOH buffer (pH 8.5), 5 mM MgCl 2 , 0.5 mM NAD, 0.015 U UDP-glucose dehydrogenase, and 300 l of cell extract. The reaction was started by the addition of 0.2 mM UDP-galactose (7) .
UDP-glucose pyrophosphorylase (EC 2.7.7.9) activity was measured in a reaction mixture consisting of 50 mM Tris-HCl buffer (pH 7.5), 8 mM MgCl 2 , 1.58 mg cysteine hydrochloride (pH 7.5), 0.5 mM NAD, 1.25 mM UTP, 0.015 U UDP-glucose dehydrogenase, and 300 l of cell extract. The reaction was initiated by the addition of 1 mM ␣-glucose 1-phosphate (7) .
Galactose 1-phosphate-uridiltransferase (EC 2.7.7.12) activity was measured 
a Position relative to genes shown in Fig. 1A and B.
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on June 20, 2017 by guest http://aem.asm.org/ in a reaction mixture consisting of 100 mM TEA buffer (pH 7.8) containing 10 mM MgCl 2 , 1 mM ␤-NADP, 0.25 mM glucose 1,6-diphosphate, 5 U of glucose 6-phosphate dehydrogenase, 3 of phosphoglucomutase, and 300 l of cell extract. The reaction was started by the addition of 1 mM UDP-glucose and 1 mM galactose 1-phosphate (15) . Bioinformatic analysis. Known metabolic pathways involved in galactose catabolism were obtained from BIOCYC (www.biocyc.org), KEGG (www.genome .ad.jp/kegg/), and ERGO (http://ergo.integratedgenomics.com/ERGO/). Amino acid sequences derived from genes identified as being involved in galactose metabolism were used as query sequences to search the partial genome sequence of A. ferrooxidans ATCC 23270 in the TIGR (www.tigr.org/) and ERGO databases using TBlastN and BlastP, respectively. When a prospective candidate gene was identified in TIGR or ERGO, its predicted amino acid sequence was then used to formulate a BlastP (www.ncbi.nlm.nih.gov) search of the nonredundant database at NCBI. Only bidirectional best hits were accepted as evidence for putative orthologs. Candidate genes and their translated proteins were further characterized employing the following bioinformatic tools: Block Maker (http: //blocks.fhcrc.org/blocks/make_blocks.html), Pfam, Prosite, and domain predictions (http://motif.genome.jp/).
Nucleotide sequence accession numbers. The following nucleotide sequences reported in this paper have been assigned GenBank accession numbers: AY751082 (galT-like) and AY789510 to AY789512 for galE, galU, and pgm, respectively.
RESULTS
Identification and characterization of candidate genes involved in the formation of EPS precursors. The following candidate genes and their predicted protein products, potentially involved in the biosynthesis of glucose-1-phosphate and its conversion to the EPS precursors (UDP-glucose, UDP-galactose, and dTDP-rhamnose), were identified in the genome sequence of the type strain of A. ferrooxidans ATCC 23270 by bioinformatic analysis: galM (galactose mutarotase; EC 5. Table 3 ). The similarity of these candidate genes with their database matches, the predicted presence of diagnostic functional motifs and domains, and their suggested cluster of orthologous genes (COG) designations are listed in Table 3 . No candidate gene with statistically significant similarity to galT was detected in the genome of A. ferrooxidans by bioinformatic analysis. However, a potential gene encoding a GalT-complementing activity (galactose 1-phosphate-uridyltransferase; EC 2.7.7.12) was experimentally isolated (see below).
Organization and expression of candidate genes potentially involved in the metabolism of glucose-1-phosphate. Candidate genes lux A-like, galE, galK, pgm, and galM proposed to be involved in glucose-1-phosphate metabolism were found to be organized in a gene cluster (Fig. 1A) . The cluster was flanked by the potential genes rbn and mgt, potentially encoding an oligoribonuclease and magnesium transporting ATPase, respectively. A possible pseudo-tRNA gene was detected between galM and mgt. RT-PCR experiments showed that luxAlike, galE, galK, pgm, and galM are cotranscribed, demonstrating that they form an operon, whereas the flanking rbn and mgt genes did not constitute part of this operon (Fig.  1B) .
A comparison of the organization of the A. ferrooxidans gal operon with other known or putative gal operons indicates a considerable degree of conservation of genes, although not necessarily preservation of gene order (Fig. 1C) . This evidence supports the proposed function of the A. ferrooxidans gal operon and permits a focus to be placed on identifying genetic regulatory features in future studies.
Expression of the gal operon during growth in sulfur and iron. Several genes have been demonstrated to be differentially expressed in A. ferrooxidans grown in either iron or sulfur (16) . With the goal of determining whether the oxidizable energy source also influenced the expression of genes potentially involved in galactose metabolism, a comparison was made by semiquantitative PCR of the expression of genes in the gal operon when A. ferrooxidans was grown in the presence of iron or sulfur. As shown in Fig. 2 , four of the five genes of the gal operon (galE, galK, pgm, and galM) showed higher levels of transcription when cells were grown in iron rather than in sulfur-containing medium. The fifth gene of the gal operon, the luxA-like gene, was not tested. Analysis of the lux A-like gene. The predicted protein potentially derived from lux A-like exhibits similarity with the LuxA family of bacterial luciferase-like monooxygenases and contains the pfam00296 domain characteristic of this family (6, 31) . It also contains COG2141, characteristic of the coenzyme An alternative hypothesis is that lux A-like encodes the missing GalT function typically found in the gal operon but not detected in the A. ferrooxidans gal operon. However, in an in vitro enzyme assay, LuxA-like did not exhibit galactose 1-phosphate-uridyltransferase activity, diminishing the likelihood of this conjecture.
Identification of a galT-like gene. Since no candidate galT gene was detected in the genome of A. ferrooxidans by bioinformatic analysis, it was decided to explore the possibility of the existence of GalT activity by direct experimental techniques. DNA of A. ferrooxidans was partially digested with Sau3A (1-to 3-Kb fragments) and was inserted into pUC18. The resulting recombinant library was used to transform a strain of E. coli (S491) lacking galT. A plasmid that was able to complement the missing GalT function was isolated and designated GalT-1. The insert in GalT-1 was sequenced, and the resulting sequence was used to identify a corresponding open reading frame in the partial genome sequence of A. ferrooxidans (TIGR) using BlastN. This open reading frame was designated galT-like.
Further analysis of the partial genome sequence revealed that galT-like was embedded in a gene cluster that potentially encodes other genes that may be involved in galactose metabolism, although their bioinformatic identification by BlastP was below a statistically significant threshold and could only be detected by Psi-BLAST (analysis not shown). The predicted GalT-like product was 120 amino acids long, which is shorter than most GalT proteins (340 amino acids). It also lacked the pfam01230 domain that includes the characteristic histidine triad of the GalT family (18) .
Complementation of E. coli mutants with genes from A. ferrooxidans. E. coli strains CSH41(lacking galE), JW1091(lacking pgm), FF4001(lacking galU), and S491(lacking galT) were independently transformed with pKK233-3 containing cloned candidate genes from A. ferrooxidans potentially encoding GalE, PGM, GalU, and GalT, respectively, and giving rise to the recombinant plasmids pgalE-1, ppgm-1, pgalU-1, and pgalT-1, respectively. In the first three cases, the cloned genes were prepared by PCR of A. ferrooxidans genomic DNA using primers designed from the predicted start sites to the predicted stop sites as identified by bioinformatic analysis of the genome sequence. Expression of these cloned inserts was presumed to occur from the vector promoter. Each of these recombinant plasmids was capable of complementing the respective E. coli mutant, as shown by comparing growth with that of wild-type E. coli DH5␣ (Fig. 3) .
In contrast, pgalT-1 was derived by complementation of E. coli S491 (lacking galT) using a randomly prepared library of A. ferrooxidans genomic DNA in pUC18. It was capable of complementing E. coli S491 (lacking galT) (Fig. 3) , but growth of the recombinant strain was slower than that of E. coli DH5␣. It is possible that the proposed galT was transcribed from an A. ferrooxidans promoter, resulting in lower levels of transcription or, alternatively, that the A. ferrooxidans GalT was less efficient than E. coli GalT for reasons of translation inefficiency, instability, or reduced enzyme activity.
Assays of enzyme activities from E. coli harboring cloned A. ferrooxidans genes. E. coli strains CSH41(lacking galE), JW1091(lacking pgm), FF4001(galU), and S491(lacking galT) harboring the respective complementing plasmids pgalE-1, ppgm-1, pgalU-1, and pgalT-1 were grown overnight, and the enzymatic activities of GalE, PGM, GalU and GalT were analyzed as described in Materials and Methods (Table 4) . These activities were compared to those derived from the appropriate E. coli mutant strain and from wild-type strain DH5␣ (Table  4 ). E. coli mutant strains harboring the proposed galE, pgm, FIG. 3 . Growth at 37°C in minimal medium supplemented with 0.5% galactose of E. coli mutants with or without vectors containing A. ferrooxidans genes. ᮀ, wild-type E. coli DH5␣; ■, mutant E. coli strain CSH41 (lacking galE), JW1091 (lacking pgm), FF4001 (lacking galU), orS491(galT); ࡗ, CSH41 (lacking galE) with pgalE-1; X, JW1091 (lacking pgm) with ppgm-1; OE, FF4001 (lacking galU) with pgalU-1; and E, S491 (lacking galT) with pgalT-1. and galU of A. ferrooxidans exhibited more activity for each of the respective enzymes than E. coli DH5␣, possibly because of the presence of more enzyme mass due to expression of a multicopy plasmid. E. coli S491 harboring the potential galTlike gene of A. ferrooxidans also exhibited slightly more activity for GalT than did E. coli DH5␣. Enzyme activities are measured in late-log cells where the growth of E. coli S491 containing galT-like was similar to that of E. coli DH5␣ (Fig. 3) , which suggests that the initial reduction in growth rate observed for E. coli S491 containing galT-like could reflect the less-efficient induction of the A. ferrooxidans galT-like gene in a heterologous host than that of the native gene and not to some intrinsic property of the GalT-like enzyme.
DISCUSSION
Inspection of the partial genome sequence of A. ferrooxidans provided by the Institute for Genome Research and by Integrated Genomics reveals the presence of a number of potential genes that exhibit significant similarity to genes known to be involved in the metabolism of glucose-1-phosphate and its conversion to the EPS precursors UDP-glucose, UDP-galactose, and dTDP-rhamnose via the Leloir pathway (Table 3 ). Figure  4 shows a working model for how these genes and their products might be connected in the formation of EPS precursors in A. ferrooxidans.
The genes that have been identified include galE, galK, pgm, and galM, organized in a gene cluster that is cotranscribed (Fig.  1A and B) and thus constituting an operon (gal operon) in A. ferrooxidans. This gal operon exhibits conservation of gene organization with other well-described gal operons (Fig. 1C) . Two of the genes of the gal operon, galE and pgm, were shown to complement E. coli mutants lacking these functions (Fig. 3 ) and also to encode GalE and Pgm activities, respectively, as determined by enzyme assays (Table 4) . Another gene that has been identified in this study that probably plays a role in glucose-1-phosphate metabolism but does not form part of the A. ferrooxidans gal operon is a potential galU. The putative GalU protein has significant sequence similarity to GalU proteins in other organisms and exhibits GalU enzymatic activity in vitro (Table 4) . It also complements an E. coli mutant lacking galU (Fig. 3) .
Semiquantitative PCR experiments demonstrate that the genes of the A. ferrooxidans gal operon are expressed more when the microorganism is grown in the presence of Fe 2ϩ as an energy source than with S 0 (Fig. 2) . It has been established that the energy substrate used by A. ferrooxidans influences the quantity and chemical composition of the EPS formed (8, 26) . It was proposed that variations in EPS formation demonstrate the need for different mechanisms of adhesion of the microorganism to diverse substrates encountered in the environment. We speculate that the differential expression of genes of the gal operon reported here reflect this need and suggest how it might be accomplished.
A galT gene could not be detected initially in the genome sequence of A. ferrooxidans by bioinformatic analysis. However, an A. ferrooxidans sequence (galT-like) complementing growth of E. coli S491 (Fig. 3 ) and providing GalT enzymatic activity (Table 4) was experimentally identified from a shotgun plasmid library of A. ferrooxidans DNA cloned into E. coli S491. The sequence of galT-like revealed very weak similarity with known galT genes (Table 3) , although it was considerably shorter than typical galT and did not exhibit the GalT prosite motif. Putative genes rfbA, -B, -C, and -D potentially encoding enzymes that convert glucose-1-phosphate to dTDP-rhamnose were identified by bioinformatic analysis in the genome of A. ferrooxidans and exhibit significant sequence similarity to enzymes in other organisms (Table 3) . However, their function awaits experimental validation.
More troublesome is the identification of the function of the luxA-like gene that forms part of the A. ferrooxidans gal operon. It exhibits weak similarity to an F 420 -dependent glucose-6-phosphate dehydrogenase that catalyzes the conversion of glucose-6-phosphate to 6-phosphogluconolactone. pgm also forms part of the gal operon; its role is the conversion of glucose-1-phosphate to glucose-6-phosphate, which could then be converted to 6-phosphogluconolactone by the hypothetical product of the luxA-like gene and subsequently enter the pentose phosphate pathway. Thus, a speculative function for the LuxAlike product could be to connect glucose-1-phosphate metabolism with the pentose phosphate pathway (Fig. 4) . If LuxAlike exhibited reverse activity, it could catalyze the conversion of 6-phosphogluconolactone to glucose-6-phosphate, and then it could help channel products of CO 2 fixation towards the formation of EPS precursors.
Taking these results as a whole, including sequence similarities, genetic organization, and (in several instances) experimental validation, it appears that A. ferrooxidans has the genetic potential to encode the EPS precursors UDP-glucose, UDP-galactose, and dTDP-rhamnose using glucose-1-phosphate as a central starting point (Fig. 4) . Glucose-1-phosphate serves as a hub of carbohydrate metabolism, channeling sugars to the formation of extracellular polysaccharides (EPS) and glycogen and connecting these pathways with glycolysis, gluconeogenesis, perhaps the pentose phosphate pathway, and ultimately CO 2 fixation (Fig. 4) . Future work will be directed towards an examination of the mechanisms involved in the regulation of the genes involved in glucose-1-phosphate formation in A. ferrooxidans and the pathways involved in the formation of EPS from the EPS precursors suggested in this study. It is anticipated that this information will provide a working model for understanding the formation of biofilms by A. ferrooxidans and help in understanding the role of this microorganism in mineral leaching and the formation of acid mine drainage.
